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Memory mechanisms: The yin and yang of protein phosphorylation
J. David Sweatt
Protein phosphorylation has long been known to play a
key role in triggering the synaptic changes underlying
learning and memory. Recent studies highlight the
importance of tightly regulated dephosphorylation as a
mechanism controlling the induction of long-term
synaptic change and lasting memory.
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Recent Nobel Prizes have recognized the important role of
protein phosphorylation in cellular regulation in general,
and last year’s award for Physiology or Medicine to Kandel,
Greengard and Carlsson noted the especial significance of
protein phosphorylation in regulating neuronal function.
When considering protein phosphorylation, most scientists
think first and almost exclusively of protein kinases, the
‘on’ switches, relegating protein phosphatases to the sub-
ordinate role of turning enzymes back ‘off’ after their job
is completed. But recent studies demonstrate the impor-
tant, dynamic role played by protein phosphatases in regu-
lating synaptic plasticity and triggering memory formation.
A new understanding is emerging of how protein phos-
phatases are quite active participants in the regulation of
neuronal function. A dynamic interplay between phos-
phatases and kinases appears to set thresholds that deter-
mine whether a given neuronal input can trigger a long-
lasting neuronal change.
As first articulated by Hebb [1] in the 1940s, long-lasting
synaptic change is thought to be an integral component
mechanism underlying long-term memory. Long-term
potentiation (LTP), a robust and long-lasting increase in
synaptic strength, is the best specific candidate that we
have at present for a mechanism of synaptic change in the
nervous system that may be involved in memory in the
behaving animal. Moreover, LTP in hippocampal slices is
a popular in vitro model system for investigating the mole-
cular mechanisms likely to underlie long-term memory in
the central nervous system (CNS). LTP in vitro is particu-
larly tractable experimentally, because one can use a wide
variety of pharmacological approaches to investigate spe-
cific molecular mechanisms, and hippocampal slices are
particularly appealing for study because the hippocampus
is known to be involved in memory formation in mammals,
including humans. In fact, early studies generated substan-
tial evidence that protein phosphatases are important in
regulating changes in synaptic strength, particularly in reg-
ulating the likelihood of LTP induction (see [2–6] for
selected examples).
It has always been difficult to progress from working out
molecular mechanisms for synaptic plasticity in vitro to
determining the molecular mechanisms of memory in a
behaving animal. The recent development of sophisticated
techniques involving transgenic mice, led in large part by
the Kandel and Tonegawa laboratories [7,8], has brought
this field to unprecedented levels of experimental tractabil-
ity. Specifically, the ability to engineer mouse lines in which
gene expression or inactivation can be induced in adults in
a CNS cell-type-selective manner looks to be a watershed
development in neurobiology. Moreover, because these
specific molecular changes can be achieved in vivo, it is
now possible to apply rigorous behavioral and physiologic
approaches to characterizing the molecularly modified mice.
Mallaret et al. [9] capitalized on these approaches in their
recent study of the role of protein phosphatases in learning,
memory and synaptic plasticity. They first engineered a
mouse line in which protein expression could be regu-
lated, in a reversible manner, by tetracycline administra-
tion to adult animals. In engineering their mouse, they
capitalized on the known mechanism of regulation of a
specific protein phosphatase, calcineurin, also known as
protein phosphatase 2B. Calcineurin is a calcium-respon-
sive phosphatase that is regulated by an intrinsic autoin-
hibitory domain. In the native enzyme, activation occurs
through relief of the action of the autoinhibitory domain,
allowing phosphatase activity to be manifest.
Malleret et al. [9] engineered a mouse in which they could
regulate the expression of the isolated autoinhibitory
domain of the calcineurin Aα subunit. In their mice, treat-
ment of animals with tetracycline leads to expression of
the calcineurin autoinhibitory domain in several brain
regions, including the cerebral cortex and hippocampus.
Expression of the inhibitory domain protein in neurons in
these brain regions leads to a selective block of calcineurin
activity. Malleret et al. thus generated an elegant system
for selectively inhibiting calcineurin phosphatase activity
in a restricted subset of neurons known to be important for
memory — all achieved in an in vivo model system that
could be analyzed behaviorally and physiologically.
In their first series of behavioral studies, Malleret et al. [9]
used simple and complex object recognition tasks, with
and without an additional spatial location component, to
assess memory function in calcineurin-inhibited animals.
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These behavioral tasks allow an experimental assessment
of the ability of mice to discriminate between novel and
familiar objects, and objects placed in novel positions.
These tasks were in part chosen because they are known to
involve the hippocampus, where of course the investigators
knew they were achieving effective calcineurin inhibition. 
Malleret et al. [9] discovered that calcineurin inhibition
enhanced the duration of object recognition in their
tasks — in effect, calcineurin inhibition led to memory
improvement. They found significant effects for tasks
involving memories of minutes-to-hours duration, and also
effects in a variation of the procedure that measures longer-
term memory that lasts for one week. The enhancement
was reversible when they turned the calcineurin inhibitor
on and then back off again before training the animals,
indicating that the effect is due to acute regulatory effects
as opposed to lasting CNS alteration.
In additional studies, Malleret et al. [9] also used the now-
classic Morris water maze task, an additional test of the
capacity of an animal to learn and remember the location
of objects in space. In this hippocampus-dependent task,
animals learn the location of a hidden platform that allows
them to escape a water tank. They found that calcineurin
inhibition slightly accelerated the rate of acquisition of
spatial learning in this task, and also that the animals more
rapidly reached their maximum performance. The precision
of the memories formed also seemed improved when cal-
cineurin was inhibited — the animals searched more selec-
tively in the precise region where the platform had been
hidden. Working memory, assessed in an eight-arm radial
maze, was unaffected, demonstrating a selective effect of
calcineurin inhibition on particular types of memory.
Having observed interesting changes in hippocampus-
dependent learning and memory in the behaving animal,
Malleret et al. [9] then moved their studies to the level of
synaptic plasticity in vivo. They looked at LTP in
hippocampal area CA1 and found an augmentation of
LTP — an increased magnitude and duration of the poten-
tiation. They also observed effects on LTP in the dentate
gyrus subregion of the hippocampal formation that were
particularly striking. In awake, behaving animals they found
a pronounced prolongation of the duration of dentate gyrus
LTP monitored over many days. They also saw an aug-
mentation of LTP in the dentate gyrus of anesthetized
animals in acute experiments. A parsimonious interpreta-
tion of all these results, consistent with the observed
memory enhancement in vivo, is that in the calcineurin-
inhibited animals, there is an increased likelihood of robust
LTP being triggered in several hippocampal subregions.
Malleret et al. [9] also executed a more mechanistically
detailed set of studies of LTP in hippocampal slices,
specifically in area CA1 where many of the earlier studies
implicating kinases and phosphatases had been per-
formed. Calcineurin inhibition enhanced the magnitude
and duration of LTP in this region — that is, just as in the
in vivo studies, blocking calcineurin increased the likeli-
hood of triggering robust synaptic change. In a nice series
of additional control experiments, they found that the
augmentation of LTP was reversed when calcineurin was
inhibited only transiently, so like the behavioral effect the
increased potentiation is reversible. They observed no shift
in the maximal extent of potentiation when they used a
stimulation protocol that saturates potentiation, and also
showed that the enhanced potentiation produced in the cal-
cineurin-inhibited slices was NMDA receptor-dependent.
These control data indicate that inhibiting calcineurin did
not result in aberrant expression of some new form of plas-
ticity, but rather augmented normal mechanism(s) for
potentiation. Overall, like the in vivo potentiation studies,
these observations suggest that calcineurin inhibition
causes a shift in the threshold for triggering robust LTP.
In an interesting further experiment, Malleret et al. [9]
showed that the augmentation of LTP in hippocampal
slices after inhibition of calcineurin could be prevented
by blocking cAMP-dependent protein kinase (PKA). This
experiment ties their results in with a substantial earlier
literature concerning mechanisms for controlling protein
phosphatase activity in general. As has been described in
more detail elsewhere [10], there is an interesting inter-
play of calcineurin and PKA in controlling the activity of
another phosphatase, protein phosphatase 1 (PP1). The
activity of PP1 is regulated by an inhibitory protein,
inhibitor 1 (I1), and the capacity of I1 to block PP1 activ-
ity is itself regulated by PKA-dependent phosphorylation
and calcineurin-dependent dephosphorylation. Only the
phosphorylated version of I1 is effective at inhibiting PP1.
Thus, PKA inhibits PP1 by phosphorylating I1, and
calcineurin activates PP1 by dephosphorylating I1. 
These known regulatory mechanisms, coupled with the
observations of Malleret et al. [9], lead to a model for how
calcineurin controls protein dephosphorylation and the
triggering of synaptic plasticity and long-term memory
(see Figure 1). Calcineurin regulates the induction of long-
lasting changes, either by itself or by controlling PP1
activity, through dephosphorylating key enzymes whose
activity is necessary for synaptic potentiation and memory.
In essence, calcineurin and PP1 act as brake on the
formation of synaptic potentiation and memory. In their
experiments, Malleret et al. [9] have removed the brake
and allowed the triggering of change by events that might
normally be below the threshold for inducing change.
Of course, important future experiments will involve the
identification of the substrate proteins whose phosphorylation
controls the formation of the lasting synaptic effects and
information storage in the behaving animal. Likely candi-
dates at this point include the calcium/calmodulin-depen-
dent protein kinases [11], protein kinase C [12],  voltage-
dependent potassium channels [13,14], glutamate recep-
tors and their associated proteins [15,16], any of a number
of components of the ERK mitogen-activated protein
(MAP) kinase cascade [17], and the transcription factor
CREB [18–20]. In all these examples, the activity of these
proteins is critically regulated by phosphorylation, and
each of these proteins plays important roles in modulating
or mediating long-term changes in neuronal function. In
this context, a key message of the work of Malleret et al.
[9] is that there is a yin–yang interplay of protein phos-
phatases and kinases in regulating the infrastructure
underlying the triggering of lasting change in neurons in
the adult nervous system.
Finally, while the role of LTP in memory is still an open
question, the work of Malleret et al. [9] is consistent
with the hypothesis that LTP is involved in memory
in the intact animal. Specifically, the studies described
provide a nice correlation between increased LTP and
improved memory. Moreover, they have the appealing
aspect that they are interesting regardless of the role (or
lack thereof) of LTP in memory. Malleret et al. [9] have
devised an elegant system to manipulate phosphatase
activity in vivo, and the results they have already
obtained implicate the calcineurin system in memory.
These new studies stand as a prototype for applying mol-
ecular genetic approaches to investigating the molecular
mechanisms of memory.
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Figure 1
Model for an interaction of calcineurin and
cAMP-dependent protein kinase (PKA) in
regulating the phosphorylation of proteins
important for setting a threshold for triggering
long-lasting synaptic effects. Blocking
calcineurin leads to protein phosphatase 1
(PP1) inhibition indirectly through increased
inhibitor 1 (I1) phosphorylation. Loss of
calcineurin and PP1 activity leads to a shift in
the balance of phosphorylation of substrate
proteins (receptors, channels and so on).
Increased phosphorylation of these effectors
changes synaptic function in such a way that
there is an increased likelihood of reaching a
threshold for triggering lasting effects.
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